Ethylene is an important phytohormone in the regulation of plant growth, development, and stress response throughout the lifecycle. Previously, we discovered that a subfamily II ethylene receptor tobacco (Nicotiana tabacum) Histidine Kinase1 (NTHK1) promotes seedling growth. Here, we identified an NTHK1-interacting protein translationally controlled tumor protein (NtTCTP) by the yeast (Saccharomyces cerevisiae) two-hybrid assay and further characterized its roles in plant growth. The interaction was further confirmed by in vitro glutathione S-transferase pull down and in vivo coimmunoprecipitation and bimolecular fluorescence complementation assays, and the kinase domain of NTHK1 mediates the interaction with NtTCTP. The NtTCTP protein is induced by ethylene treatment and colocalizes with NTHK1 at the endoplasmic reticulum. Overexpression of NtTCTP or NTHK1 reduces plant response to ethylene and promotes seedling growth, mainly through acceleration of cell proliferation. Genetic analysis suggests that NtTCTP is required for the function of NTHK1. Furthermore, association of NtTCTP prevents NTHK1 from proteasome-mediated protein degradation. Our data suggest that plant growth inhibition triggered by ethylene is regulated by a unique feedback mechanism, in which ethylene-induced NtTCTP associates with and stabilizes ethylene receptor NTHK1 to reduce plant response to ethylene and promote plant growth through acceleration of cell proliferation.
Although well known as an aging phytohormone for the acceleration of fruit ripening, organ senescence, and abscission, ethylene also regulates many aspects of vegetative growth and development (Abeles et al., 1992; Vandenbussche et al., 2012) . In general, ethylene tends to function as an inhibitor of vegetative growth but also, promotes reproductive growth, accelerating the lifecycle, especially under environmental stress. Over a century ago, Neljubow (1901) first discovered that ethylene inhibits hypocotyl elongation of pea (Pisum sativum) seedlings, enhances horizontal growth, and leads to radial swelling in the dark, which is known as the triple response. Based on this discovery, a series of mutants was identified in Arabidopsis (Arabidopsis thaliana), and the classical signaling transduction model was established by genetic analysis. In the absence of ethylene, negative regulator Constitutive Triple Response1 (CTR1) tightly interacts with receptor complex (Clark et al., 1998) , phosphorylates the central factor Ethylene-Insensitive2 (EIN2), and prevents its translocation into nucleus, thus blocking ethylene signaling transduction. In the presence of ethylene, receptors and CTR1 are inactivated, leading to the dephosphorylation and cleavage of EIN2. The C terminus of EIN2 is then translocated into the nucleus to activate downstream transcription factors EIN3/ Ethylene-Insensitive3-Like (EIL)s followed by expression of target genes (Ju et al., 2012; Qiao et al., 2012; Wen et al., 2012) . In this pathway, the ethylene receptors EIN2 and EIN3 are regulated by ubiquitination and proteasomemediated degradation (Guo and Ecker, 2003; Potuschak et al., 2003; Gagne et al., 2004; Binder et al., 2007; Chen et al., 2007; Kevany et al., 2007; Qiao et al., 2009; .
As for the role of ethylene in the regulation of vegetative growth, one of the most prominent pieces of evidence is the variant seedling morphology of signaling mutant plants. In Arabidopsis, mutant plants with enhanced ethylene response, such as ethylene response1-6 (etr1-6) and ctr1-1, often show retarded growth, leading to dwarfed seedlings and smaller leaves compared with the wild type (Kieber et al., 1993; Hua and Meyerowitz, 1998) . On the contrary, etr1-1, ein2-1, ein3-1, and other ethylene-insensitive or low-sensitivity mutants often show accelerated seedling growth (Chang et al., 1993; Chao et al., 1997; Alonso et al., 1999) . Unlike ctr1-1, ein2-1, or ein3-1, mutants of individual ethylene receptors show only weak effects on seedling growth because of the functional redundancy of different receptors (Hua and Meyerowitz, 1998; Hall and Bleecker, 2003) . However, each receptor seems to have its own features of protein structure and expression pattern and therefore, may play unique roles in addition to the general role of ethylene perception (Shakeel et al., 2013) . In Arabidopsis, mutation and transgenic analysis illustrate that subfamily I receptors play more significant roles in ethylene-regulated growth responses than subfamily II receptors do, probably because of the more efficient activation of CTR1 by subfamily I receptors (Hua and Meyerowitz, 1998; Hall and Bleecker, 2003; Wang et al., 2003; Qu et al., 2007) . Additionally, the kinase activity of ETR1 may play a role in the activation of CTR1 (Hall et al., 2012) .
Moreover, subfamily I receptors have stronger associations with CTR1 than subfamily II receptors (Clark et al., 1998; Cancel and Larsen, 2002) . A similar preference is observed for the associations between ethylene receptors and CTRs in tomato (Solanum lycopersicum; Lin et al., 2008a Lin et al., , 2009b . In addition, ctr1 loss-of-function mutants continue to exhibit a residual ethylene response (Larsen and Chang, 2001; Larsen and Cancel, 2003) , and the quadruple ethylene receptor loss-offunction mutant etr1 etr2 ein4 ethylene response sensor2 (ers2) and the etr1 ers1 double mutant display a more severe phenotype than the ctr1 loss-of-function mutants (Hua and Meyerowitz, 1998; Hall and Bleecker, 2003) . Therefore, other than the classical CTR1-dependent pathway, other pathways might exist, possibly through unique receptor-interacting factors (Ju et al., 2012) . One possible pathway is the two-component signaling pathway involving the phosphorelay transduction (Hass et al., 2004; Mason et al., 2005; Scharein et al., 2008; Scharein and Groth, 2011) , but direct evidence is still lacking. Gel filtration analysis of ethylene receptor complexes in Arabidopsis further indicates that isoformspecific interacting proteins may exist for different receptors to mediate ethylene signaling (Chen et al., 2010) . Indeed, Arabidopsis RTE1 was identified as an ETR1-specific interacting protein to mediate CTR1-independent ethylene response (Resnick et al., 2006 (Resnick et al., , 2008 Zhou et al., 2007; Dong et al., 2010; Qiu et al., 2012) . Expression of the N-terminal fragment of ETR1 (1-349) in ctr1-1 partially suppresses its constitutive ethyleneresponse phenotype, and this effect is dependent on the Ethylene Sensitivity1 (RTE1; Qiu et al., 2012 ). Another example is that Arabidopsis Tetatricopeptide Repeat Protein1 and tomato Tetratricopeptide Repeat Protein1 were identified as interacting factors with subfamily I ethylene receptors to modulate ethylene response and plant development (Lin et al., 2008b (Lin et al., , 2009a . We recently showed that tobacco Histidine Kinase1 (NTHK1) Ethylene Receptor-interacting Protein2 (NEIP2), an ankyrin domain protein, interacts with subfamily II receptors to regulate plant response to abiotic stresses in tobacco (Nicotiana tabacum; Cao et al., 2015) .
Previously, we studied roles of tobacco subfamily II ethylene receptor NTHK1 in plant growth and stress response. The transcripts of NTHK1 were inducible under salt stress and wounding (Zhang et al., 1999 (Zhang et al., , 2001 ). Overexpression of NTHK1 in both tobacco and Arabidopsis exhibited reduced ethylene sensitivity, accelerated growth, and increased salt sensitivity of transgenic plants (Xie et al., 2002; Cao et al., 2006 Cao et al., , 2007 . The kinase domain and Ser/Thr kinase activity of NTHK1 were differentially required for salt response and seedling growth Chen et al., 2009) . Surprisingly, NTHK1 seems to play more prominent roles in these responses than the subfamily I member NtETR1 . Characterized downstream factors involved in NTHK1-regulated stress response and plant growth processes include two transcription factors AtNAC2 and AtMYB59 (He et al., 2005; Mu et al., 2009) , an NIMA-related kinase NEK6 (Zhang et al., 2011) , and an ankyrin domain protein NEIP2 (Cao et al., 2015) . To further elucidate the mechanism underlying the function of NTHK1, we initiated a yeast (Saccharomyces cerevisiae) two-hybrid assay to screen components that interact with NTHK1. Finally, a translationally controlled tumor protein (TCTP) was identified and further investigated. NtTCTP protein accumulation is induced by ethylene treatment. Overexpression of NtTCTP promotes seedling growth, mainly through the control of cell proliferation. Genetic analysis reveals that NtTCTP is required for NTHK1-mediated ethylene response and seedling growth.
RESULTS

Screening and Identification of NTHK1-Interacting Proteins
To unravel the mechanism underlying the role of NTHK1 in regulating ethylene response and plant growth, we screened NTHK1-interacting proteins using a yeast two-hybrid assay. The NTHK1 coding region lacking the transmembrane domains (145-762 amino acids) was used as the bait in a yeast CytoTrap twohybrid system (Fig. 1A) . Two TCTPs that had been screened out for several times were selected for additional investigation (Fig. 1, A-C) . The two TCTPs, named NtTCTP1 and NtTCTP2, are highly similar, with only two amino acid variations. Sequence blast in all three tobacco databases (http://solgenomics.net/) showed that there are four TCTPs (NtTCTP1, NtTCTP2, NtTCTP3, and NtTCTP4) in the tobacco genome. NtTCTP3 and NtTCTP4 are highly homologous to each other but less similar to NtTCTP1 and NtTCTP2 (Supplemental Fig. S1 ). Compared with TCTPs in Arabidopsis, NtTCTP1 and NtTCTP2 are more similar to AtTCTP1 (AT3G16640), whereas NtTCTP3 and NtTCTP4 are more similar to AtTCTP2 (AT3G05540), which was supposed to be a nonfunctional pseudo-gene (Berkowitz et al., 2008; Supplemental Fig. S1 Fig. S2 ). NtTCTP has more than 75% identity with TCTP homologs from Arabidopsis, soybean, rice, maize, and Figure 1 . NtTCTP interacts with tobacco ethylene receptor NTHK1. A, Schematic representation showing the structure of NTHK1, the bait, and the prey NtTCTP. Gray box I shows the putative signal peptide; gray boxes II to IV show transmembrane regions. B, NtTCTP interacts with NTHK1 and NTHK2 but not with NtETR1 in the yeast two-hybrid assay. Transformants grown on SD/Gal-UL plate but not on SD/Glu-UL plate at 37˚C indicate positive interactions. The combination of pSosMAFB plus pMyrMAFB was used as the positive interaction control; combinations of both empty plasmids, empty pSos plus pMyrNtTCTP, and empty pMyr plus pSosNTHK1 were used as negative interaction controls. C, The kinase domain of NTHK1 is indispensable for interaction with NtTCTP in the yeast two-hybrid assay. Combination of empty pSos plus pMyrNtTCTP and combinations of empty pMyr plus different NTHK1 truncated versions were used as negative interaction controls. D, NTHK1 kinase domain mediates interaction with NtTCTP by GST pull-down assay. Equal amounts of GST-NtTCTP or GST were incubated with 35 S-labeled different NTHK1-truncated versions, and 35 S-labeled NTHK1 truncations were loaded as input controls. E, Identification of the interaction between NTHK1 and NtTCTP by Co-IP assay. Flag-NTHK1 was expressed in tobacco leaves through Agrobacterium spp.-mediated transformation. After expression for 2 d, seedlings were treated with 100 mL L 21 ethylene for 3 h.
Treatment without ethylene was set simultaneously. MF was prepared from total cell extracts using ultracentrifugation and then incubated with anti-Flag antibody-linked agarose beads for immunoprecipitation of NTHK1-interacting protein complexes. MFs without immunoprecipitation were used as controls. As a negative control, anti-BiP antibody was used to detect the ER marker BiP. F, BiFC assay of the NTHK1-NtTCTP interaction. NtTCTP-YNE and NTHK1-YCE were coexpressed in tobacco leaf protoplasts, and yellow fluorescence signal was detected by an LCSM. YNE and YCE were coexpressed as a negative interaction control. MAFB, V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog B; Co-IP, coimmunoprecipitation; BiP, immunoglobulin-binding protein.
some other plants but less than 37% identity with those from fruit fly, mouse, human, and other animals. All of these data imply that plant TCTPs may evolve divergently from animals and have different functions. There are several ethylene receptors in tobacco, among which NTHK1 and NTHK2 belong to subfamily II receptors, and NtETR1 is a subfamily I receptor (Xie et al., 2003; Zhang et al., 2004; Chen et al., 2009) . To test the interactions between NtTCTP and different ethylene receptors, the coding regions of these receptors without transmembrane domains were cloned into pSos vector and cotransformed, respectively, with the prey pMyrNtTCTP plasmid into yeast cdc25H cells. Transformants harboring either pSos-NTHK1 or pSos-NTHK2 plus pMyr-NtTCTP could grow on SD/Gal-UL but not SD/ Glu-UL medium at 37°C, whereas transformants harboring pSos-NtETR1 plus pMyr-NtTCTP could not grow on SD/Gal-UL medium at 37°C (Fig. 1B) . This result indicates that NtTCTP could interact with the two subfamily II receptors NTHK1 and NTHK2 but not with the subfamily I receptor NtETR1.
NTHK1 has four hydrophobic regions (I-IV), a GAF domain, a kinase domain (HIS plus ATP), and a receiver domain (REC) from the N terminus to the C terminus (Fig. 1A) . To examine which domain was critical for the interaction with NtTCTP, the coding regions of various truncated versions of NTHK1 were cloned into the pSos vector as baits for the yeast two-hybrid assay. As shown in Figure 1C , transformants harboring pSos-
, and 2 HisATP [2H]) plus pMyr-NtTCTP grew well on selective SD/Gal-UL medium at 37°C, whereas transformants containing NTHK1 (2GAF [2G] and 2RD [2R]) plus pMyr-NtTCTP could not grow. This result indicates that the kinase domain of NTHK1 is necessary for the interaction with NtTCTP. To confirm the interaction between NtTCTP and NTHK1, a glutathione S-transferase (GST) pull-down assay was carried out. Both GST-NtTCTP fusion proteins and [ 35 S]Met-labeled NTHK1 proteins were incubated with GST affinity resin. As a result, GST-NtTCTP could pull down DTM, GH, H, and HR truncated versions of NTHK1 but not G or R truncated version. As a negative control, GST could not pull down any versions of NTHK1 (Fig. 1D) . These results indicate that the kinase domain of NTHK1 is the major interaction domain with NtTCTP.
We further used the coimmunoprecipitation (Co-IP) assay to examine in vivo interactions between NTHK1 and NtTCTP. Flag-NTHK1 was expressed in tobacco leaves for immunoprecipitation. As shown in Figure  1E , NtTCTP could be coimmunoprecipitated with the Flag-NTHK1 protein, and this confirmed the interaction between NtTCTP and NTHK1. Interestingly, ethylene treatment enhances the expression of NtTCTP and promotes its interaction with NTHK1 (Fig. 1E ). In addition, ethylene treatment enhanced the localization of NtTCTP to the membrane system (Supplemental Fig. S3) . A bimolecular fluorescence complementation (BiFC) assay was also performed to confirm the interaction of NtTCTP and NTHK1. A yellow florescence signal was detected using confocal microscopy when NTHK1-C terminus of yellow fluorescence protein (YCE) and NtTCTP-N terminus of yellow fluorescence protein (YNE) were coexpressed in tobacco protoplasts (Fig. 1F) . However, no yellow florescence was observed in YCE-and YNE-coexpressed protoplasts under the same condition, indicating the specificity of the interaction between NTHK1 and NtTCTP in tobacco protoplasts.
To obtain more substantial information on the interaction between NtTCTP and NTHK1, additional BiFC assays in Nicotiana benthamiana leaves were carried out. The results showed that a yellow fluorescent protein (YFP) signal could be detected at endoplasmic reticulum (ER)-like structures when YNE-NtTCTP and YCE-NTHK1 were coexpressed in tobacco leaf cells (Fig. 2) , suggesting their interaction at the ER, which is consistent with the ER localization of the NTHK1 (Cao et al., 2015) . Moreover, the mutation of NTHK1 (m2), which eliminates its kinase activity , reduced the interaction remarkably, and the deletion of His or ATP-binding subdomain completely disrupted the interaction between NTHK1 and NtTCTP (Fig. 2) . This indicates that NtTCTP interacts with NTHK1 at the ER and that the kinase domain of NTHK1 is required for their interaction. Moreover, NtTCTP could possibly form a dimer and/or even a polymer by interacting with itself (Fig. 2) .
Expression Pattern and Subcellular Localization of NtTCTP
NtTCTP transcript levels were examined in different plant organ/tissues by quantitative real-time (qRT)-PCR. Figure 3A shows that transcripts of NtTCTP were more abundant in root than in other organs of wildtype tobacco plants. In NTHK1-overexpressing tobacco plants (NTHK1-OE; Cao et al., 2006) , the NtTCTP transcript levels were more abundant in root and leaf than in the other organs tested. Specifically, there was a significant increase of NtTCTP transcript level in leaf compared with the wild type (Fig. 3A) .
Because NtTCTP is an ethylene receptor-interacting protein, we examined whether NtTCTP is responsive to ethylene at both transcript and protein levels. Under ethylene treatment, NtTCTP transcript level declined continuously for 12 h in both the wild type and NTHK1-overexpressing plants and then tended to recover gradually (Fig. 3B) . In contrast, the NtTCTP protein was induced in wild-type plants over a time course of ethylene treatment (Fig. 3C) . However, in NTHK1-overexpressing plants, ethylene treatment could not induce high accumulation of NtTCTP like in wild-type tobacco plants (Fig.  3C) , suggesting that overexpression of NTHK1 led to reduced ethylene sensitivity.
To characterize the subcellular localization of NtTCTP, NtTCTP-GFP fusion protein was expressed in tobacco protoplasts or N. benthamiana leaf cells. The GFP signal could be detected in the nucleus, cytoplasm, and ER (Supplemental Fig. S4 ). Furthermore, NtTCTP colocalized with the ER marker HDEL (Fig. 3D) . Ethylene treatment enhanced the accumulation of NtTCTP at the ER ( Fig. 3D; Supplemental Fig. S4B ). This result is consistent with results from the Co-IP assay ( Fig. 1E ; Supplemental Fig. S3 ). Considering the interaction between NtTCTP and NTHK1, we examined whether NTHK1 and NtTCTP could colocalize in cells. When NTHK1-GFP and NtTCTP-red fluorescent protein (RFP) were coexpressed in N. benthamiana leaf cells, yellow signals merged by the green and red fluorescence were detected at the ER (Fig. 3E) , indicating that NtTCTP colocalizes with NTHK1 at the ER.
Taking together the results from the Co-IP and BiFC assays ( Figs. 1E and 2 ; Supplemental Fig. S3 ), we Root tip, root, stem, shoot tip, and leaf were all from 48-DAS tobacco plants grown in soil; root tip was 1-cm long from the primary root, and flower indicates only open flowers. Transcript levels of NtTCTP were normalized to NttubA1 and relative to the root tips of wild-type (WT) plants. The data are expressed as the means 6 SD from three samples. Student's t tests between wild-type and NTHK1-overexpressing (NTHK1-OE) plants were performed. Three biological replicates were performed with similar results, and one of them was shown. *, P , 0.05; **, P , 0.01. B, Expression pattern of NtTCTP at transcript level under ethylene treatment by qRT-PCR. The 12-DAS seedlings grown on one-half-strength MS were treated with 100 mL L 21 ethylene for different durations, and total RNA was extracted for qRT-PCR. As an important phytohormone, ethylene is indispensable for the fine tuning of plasticity during plant growth and development (Abeles et al., 1992) . When ethylene biosynthesis and/or signaling are disturbed, plants often grow abnormally, appearing as promoted vegetative growth but delayed reproductive growth or the opposite (Kieber et al., 1993; Chao et al., 1997; Hua and Meyerowitz, 1998) . Our previous work showed that overexpression of NTHK1 reduced ethylene sensitivity and promoted seedling growth both in tobacco and Arabidopsis (Cao et al., , 2007 . As an NTHK1-interacting protein, NtTCTP was further investigated for its role in regulating plant growth. Transgenic tobacco lines overexpressing or silencing NtTCTP were generated, and expression levels were examined by northern-blotting analysis (Supplemental Fig. S5A ). From these lines, two NtTCTP-overexpressing lines (NtTCTP-OE: O2 and O7) and two NtTCTP-silencing lines (NtTCTP-RNA interference [RNAi]: Ri16 and Ri20) were selected for the following experiments, and expression levels of NtTCTP were reconfirmed by qRT-PCR and immunoblotting assay (Fig. 4, A and B). It should be noted that, in the selected NtTCTP-silencing lines, the expression levels of both NtTCTP1 and NtTCTP2 were inhibited. However, the transcript level of NtTCTPL (NtTCTP3 and NtTCTP4) was only slightly down-regulated compared with the dramatic downregulation of NtTCTP (Supplemental Fig. S5B ). The NTHK1-overexpressing line (NTHK1-OE) 16-4 was also used for comparative analysis .
Morphologically, both NtTCTP-and NTHK1-overexpressing seedlings were larger, whereas NtTCTPsilencing seedlings were smaller than those of the wild type, especially at the approximately 30-d after stratification (DAS) stage (Fig. 4, C and D) . The leaves of NtTCTP-and NTHK1-overexpressing seedlings were also larger than those of the wild type. In contrast, the leaves of NtTCTP-silencing seedlings were smaller than those of the wild type (Fig. 4 , E and F). Two NTHK1-silencing lines also showed retarded growth and smaller leaves compared with the wild-type seedlings (Supplemental Fig. S6 ). These results indicate that both NtTCTP and NTHK1 play positive roles in vegetative growth. Because leaf area is mainly determined by cell number and cell size, we further used the sixth true leaves from 48-DAS tobacco plants (the growth of six true leaves was nearly stopped at this stage in our experimental condition) to measure the two parameters of the upper epidermis. The epidermal cell sizes of NtTCTPsilencing lines were significantly larger than, whereas the epidermal cell sizes of the NTHK1-and NtTCTP-overexpressing lines were similar to those of the wild type at this stage ( Fig. 5A; Supplemental Fig. S7A ). In contrast, the leaf upper epidermal cell numbers of NTHK1-and NtTCTP-overexpressing lines were larger, whereas the cell numbers of NtTCTP-silencing lines were smaller than those of the wild type (Fig. 5B) . These results indicate that the final large leaf phenotype of NTHK1-and NtTCTPoverexpressing plants is mainly caused by increases in cell numbers.
To investigate the mechanisms underlying significant cell number variation, we examined DNA ploidy distribution in cells of the sixth true leaves from different lines by flow cytometry. During the rapid expanding period, G1 cells of both NtTCTP-overexpressing (O2) and NTHK1-overexpressing (16-4) lines were less than those of the wild type, and the G1 cells of the NtTCTPoverexpressing line were even less than the NTHK1-overexpressing line ( Fig. 5C ; Supplemental Fig. S7B ). In contrast, the G1 cells of NtTCTP-silencing line (Ri16) were significantly more than those of the wild type. The situations of G2 cells were just the opposite in all tested tobacco lines ( Fig. 5C ; Supplemental Fig. S7B ). Along with the leaf expanding, the ratio of G2 to G1 steadily increased in all tobacco lines, with those in NtTCTP-and NTHK1-overexpressing lines being higher and those in the NtTCTP-silencing line being lower than those in the wild type (Fig. 5C ). These results indicate that NTHK1 and NtTCTP may promote cell cycle and cell proliferation for the enhancement of leaf and seedling growth.
Effects of 1-Aminocyclopropane-1-Carboxylic Acid on NtTCTP-and NTHK1-Regulated Leaf Growth
As stated above, both NtTCTP and NTHK1 play positive roles in seedling growth, mainly through promotion of cell proliferation. Because NTHK1 is a member of subfamily II ethylene receptors, we examined whether ethylene could influence the roles of NtTCTP and NTHK1 in regulation of seedling growth. Tobacco seeds were germinated on one-half-strength Murashige and Skoog medium (MS) for continuous growth. The third true leaves of all tobacco lines began to sprout at the 12-DAS stage, and seedlings at this stage were transplanted to fresh one-half-strength MS and treated with 1-aminocyclopropane-1-carboxylic acid (ACC). Then, the third true leaves were collected every day until 22 DAS for measurements of leaf area, upper epidermal cell size, and cell number (Supplemental Fig. S8 ). The leaf areas, upper epidermal cell sizes, and cell numbers of NTHK1-overexpressing, NtTCTPoverexpressing (O2), and NtTCTP-silencing (Ri20) tobacco lines were calculated as relative values compared with those of the wild type (Fig. 6, left) . Overall, under normal growth conditions, the leaf areas of NTHK1-and NtTCTP-overexpressing lines were larger than those of the wild type, and the peaks were at 16 and 15 DAS, respectively. The leaf area of the NtTCTPsilencing line was smaller than that of the wild type and exhibited a peak of decrease at 14 to 15 DAS, just opposite to the pattern of the NtTCTP-overexpressing line, indicating that NtTCTP is essential for leaf growth (Fig. 6A, left) . In the NTHK1-overexpressing line, the peak leaf size increase occurred 1 d later than that in the NtTCTP-overexpressing line and showed a slightly different growth pattern (Fig. 6A, left) . The variation of cell size was also compared with that of the wild type. The relative leaf cell size of the NtTCTP-overexpressing line showed only a small increase at early days, whereas the relative leaf cell size of the NtTCTP-silencing line decreased evidently before 17 DAS and then returned to the wild-type level, suggesting that NtTCTP is required for cell expansion at the early stage of leaf growth (Fig.  6B, left) . In the NTHK1-overexpressing plants, leaf cells were larger than those of the wild type during the whole period, with a peak of increase at 16 DAS, and finally returned to the wild-type level at 22 DAS (Fig.  6B, left) .
The leaf cell numbers were further compared with those of the wild type. The relative cell numbers of all transgenic tobacco lines showed similar patterns with their leaf areas, except that the increase in the NTHK1-overexpressing line was relatively less than that in the NtTCTP-overexpressing line (Fig. 6C, left) . Together, at early stages, the leaf growth of the NtTCTPoverexpressing/silencing line is correlated with the cell number more largely than the cell size, whereas the NTHK1-overexpressing line depends on both the cell size and cell number. However, the final leaf areas of both the NtTCTP-and NTHK1-overexpressing lines seem to be substantially dependent on leaf cell numbers (Figs. 4F and 5, A and B) . In the presence of ACC, all of the relative parameters (leaf area, cell size, and cell number under ACC treatment compared with the nontreatment control at the corresponding time points) decreased during the treatment until the period of 17 to 20 DAS and then remained at stable levels or increased to different levels (Fig. 6,  right) . Compared with the wild type, the relative leaf areas and cell numbers of both the NtTCTP-and NTHK1-overexpressing lines were at higher levels, suggesting that the NtTCTP-and NTHK1-overexpressing lines show reduced sensitivity to ACC in the two parameters (Fig. 6 , A, right and C, right). The two parameters were at lower levels for the NtTCTP-silencing lines, especially at the later stage of the treatment period, possibly reflecting slightly enhanced ACC sensitivity. It should be noted that the reduction of relative cell number in the NtTCTPoverexpressing line was even less than in the NTHK1-overexpressing line (Fig. 6C, right) . As for relative cell size, the reduction pattern of both the NtTCTPoverexpressing and NtTCTP-silencing lines was similar to that of the wild type, whereas the relative cell size of the NTHK1-overexpressing line was only mildly decreased and then recovered to the level before ACC treatment, indicating a reduced sensitivity to ACC for cell size, which was specific for the NTHK1-overexpressing line (Fig. 6B, right) . All of these results reveal that, although both NtTCTP and NTHK1 confer reduced sensitivities to ACC on leaf growth, NtTCTP functioned mainly through the regulation of cell number, and NTHK1 functioned through regulation of both cell number and cell size. It should be noted that the relative leaf area and cell number of the NtTCTP-silencing line decreased more slowly than those of the wild type before 18 to 19 DAS and then decreased to lower levels than the wild type Figure 6 . Comparison of the leaf growing pattern between different tobacco lines in the presence or absence of the ethylene precursor ACC. At the stage of 12 DAS, the third true leaves of all tobacco lines begin to sprout. Then, seedlings were transplanted to control or ACCcontaining medium for further growth, and the third true leaves were collected every day for measurements of leaf area, cell size, and cell numbers. A, Relative leaf area of each transgenic line compared with the wild type (WT) and relative leaf area under ACC treatment compared to the mock. B, Relative cell size of each transgenic line compared with the wild type and relative cell size under ACC treatment compared with the mock. C, Relative cell number of each transgenic line compared with the wild type and relative cell number under ACC treatment compared with the mock. The data are expressed as the means 6 SE from three independent experimental groups. For leaf area, eight leaves per group were measured. For cell size and number calculation, the upper epidermis areas of four leaves from each group were photomicrographed and analyzed using ImageJ 1.38X; four independent areas averaged between the apical and basal positions were examined, and at least 30 cells per area were measured. The sixth true leaves from 48-DAS tobacco plants were collected for SEM analysis of leaf upper epidermal cells. The data are expressed as the means 6 SE from three independent experimental groups (three leaves per group, four independent areas per leaf, and at least 30 cells per each area were measured using ImageJ 1.38X). **, Significant difference from the wild type (WT; Student's t test; P , 0.01). B, Comparison of epidermal cell numbers in each leaf. The data are expressed as the means 6 SE of three independent experimental groups (three leaves per group). Asterisks indicate significant differences from the wild type (Student's t test). *, P , 0.05; **, P , 0.01. C, Percentage of G1 and G2 cells and G2 to G1 ratio in the sixth true leaves of various tobacco lines. G1 and G2 indicate different phase of the cell cycle. The data are expressed as the means 6 SE from three independent experimental groups (eight leaves per group). (Fig. 6, A, right and C, right) . However, the absolute leaf area and cell numbers of the NtTCTP-silencing line were always smaller than those of the wild type with or without ACC treatment (Supplemental Fig. S8 ).
NtTCTP and NTHK1 Regulate Root Growth and Lateral Root Formation
In addition to regulating leaf growth, the roles of NtTCTP and NTHK1 on root growth were also investigated (Fig. 7) ; 7-DAS tobacco seedlings were transplanted to fresh one-half-strength MS for continuous growing and placed vertically for convenient observation. NtTCTPsilencing lines showed retarded root growth, with significantly reduced primary root length and lateral root number (Fig. 7, A-C) , whereas the performances of the NTHK1-and NtTCTP-overexpressing lines were just the opposite (Fig. 7) . Then, the lateral root densities were calculated. The lateral root density of the NtTCTP-silencing lines was significantly lower than that of the wild type during the whole observation period. In contrast, the NtTCTP-overexpressing lines showed significantly increased lateral root density compared with that of the wild type (Supplemental Fig. S9 ). The lateral root density of the NTHK1-overexpressing line also increased significantly before 12 DAS (Supplemental Fig. S9 ).
Considering that both NTHK1 and NtTCTP promoted cell proliferation in leaves (Figs. 5 and 6), we further examined whether cell proliferation in roots was affected. The mitotic indices of root tips from 7-DAS seedlings were measured. The mitotic indices of the NTHK1-and NtTCTP-overexpressing lines were significantly higher than those of the wild type, whereas this parameter in the NtTCTP-silencing lines was significantly lower than that of the wild type (Fig. 7D) . These results suggest that both NtTCTP and NTHK1 promote root growth through controlling cell proliferation.
NtTCTP and NTHK1 Confer Reduced Sensitivity to Ethylene
Our previous work showed that seedlings of the NTHK1-overexpressing lines were less sensitive to ACC treatment (Xie et al., 2002; Cao et al., 2007) . We further analyzed whether the NTHK1-interacting protein NtTCTP affects the ethylene response. Under treatments with different concentrations of ethylene, hypocotyl lengths of 5-DAS tobacco etiolated seedlings were measured. The relative hypocotyl length of the NtTCTP-and NTHK1-overexpressing lines was significantly longer than that of the wild type under 1.0 mL L 21 or higher concentration of ethylene treatments (Fig. 8A) . On the contrary, the NtTCTP-silencing lines showed significantly shortened hypocotyls under 0.1 mL L 21 or higher concentration of ethylene treatments (Fig. 8A) . These results indicate that both NtTCTP and NTHK1 confer mildly reduced ethylene sensitivity in etiolated seedlings.
Because ethylene induces leaf senescence, we further examined this ethylene effect on tobacco lines. The sixth true leaves from 60-d-old tobacco plants (at approximately this stage, the sixth true leaves of tobacco matured and became senescent in our experimental condition) were detached and placed on wet filter paper in sealed boxes for ethylene treatment. After 5 d, the leaf senescence of the NTHK1-and NtTCTP-overexpressing lines was less severe than that of the wild type in the presence or absence of ethylene, whereas the leaf senescence of the NtTCTP-silencing lines was more severe than that of the wild type (Fig. 8B) . After ethylene treatment, the chlorophyll reduction in the NTHK1-and NtTCTP-overexpressing lines was significantly lower than that in the wild type, whereas this parameter in NtTCTP-silencing lines was significantly higher ( Fig. 8C ; Supplemental Fig. S10 ), suggesting that both NTHK1 and NtTCTP confer reduced sensitivity to ethylene during the leaf senescent process.
Then, the transcript levels of genes involved in ethylene biosynthesis and signaling were examined by qRT-PCR. Transcript levels of four ethylene biosynthesisrelated genes (1-Aminocyclopropane-1-Carboxylate Synthase2 The data are expressed as the means 6 SE from three independent experimental groups (n = 6). Asterisks indicate significant differences from the wild type (WT; Student's t test). *, P , 0.05; **, P , 0.01.
EIN3, EIL1 to EIL5, and ERF1 were significantly upregulated in the NtTCTP-silencing lines, suggesting that NtTCTP is probably required for suppression of genes related to ethylene biosynthesis and/or signaling (Fig.  8D) . However, overexpression of NtTCTP only slightly reduced the transcript level of the ACS4 gene but not the other genes listed above, and overexpression of NTHK1 reduced the transcript levels of ACO2 and EIN3 genes but not the others examined (Fig. 8D) .
NtTCTP Is Necessary for NTHK1 in Regulation of Seedling Growth and Ethylene Response
As an NTHK1-interacting protein, NtTCTP has a similar function to NTHK1 in reducing ethylene sensitivity and promoting plant growth (Figs. 4-8) . To further elucidate their genetic interaction, we generated hybrids between the NTHK1-overexpressing line (16-4) and the NtTCTP-silencing line (Ri20; including NTHK1-OE 3 Ri20 and Ri20 3 NTHK1-OE). In the two hybrids, the expression level of NTHK1 was increased approximately 40 times, whereas the expression level of NtTCTP was decreased more than 50 times compared with that of the wild type (Fig. 9A) . Both hybrids showed significantly decreased crown diameter, fresh weight, and leaf area compared with the wild type but were indistinguishable from each other and the NtTCTP-silencing line (Fig. 9, B and C). The cell size and cell number of both hybrids were also very similar to those of the NtTCTP-silencing line ( Fig. 9D; Supplemental Fig. S11 ). Ethylene response was further examined, and both hybrids showed enhanced sensitivity to ethylene, like the NtTCTP-silencing line, with significantly shorter hypocotyls than those of the wild type (Fig. 9E) . These results illustrated that the silencing of NtTCTP eliminated the roles of NTHK1 in regulation of plant growth and ethylene response, suggesting that NtTCTP is required for the normal function of NTHK1.
NtTCTP Protects NTHK1 from 26S ProteasomeMediated Degradation
NtTCTP interacts with ethylene receptor NTHK1 to regulate plant growth and ethylene response. However, the molecular mechanism and biological function The data are expressed as the means 6 SE from three independent experimental groups (six leaves per group). **, Significant difference from the wild type (Student's t test; P , 0.01). D, Expressions of genes related to ethylene biosynthesis and signaling in various tobacco lines. The 12-DAS tobacco seedlings were used for total RNA extraction and qRT-PCR. Expression levels of all genes were normalized to NttubA1 and relative to wild-type seedlings. The data are expressed as the means 6 SD from three samples. Student's t tests between the wild type and each transgenic line were performed. Three biological replicates were performed with similar results, and one of them is shown. ND, Nondetected ethylene; NttubA1, N. tabacum tubulin alpha-1; *, P , 0.05; **, P , 0.01.
underlying this interaction were unknown. Previous research revealed that several ethylene receptors were dynamically controlled by 26S proteasome-mediated degradation Kevany et al., 2007) , and TCTPs were found to participate in regulating proteins stability in humans and yeast (Liu et al., 2005; Rinnerthaler et al., 2013) . We then investigated whether NTHK1 protein was also regulated by the similar mechanism and whether the NTHK1-interacting protein NtTCTP participated in this process. Flagtagged NTHK1 proteins were expressed in tobacco leaf cells and treated with the protein synthesis inhibitor cycloheximide (CHX) for different durations. Then, the protein level was examined by immunoblotting assay using the anti-Flag antibody. In wildtype tobacco leaves, the NTHK1 protein level declined Figure 9 . NtTCTP is required for NTHK1 to regulate plant growth and ethylene response. A, The expression levels of NtTCTP and NTHK1 in the F1 generation of the hybrids between the NTHK1-overexpressing (NTHK1-OE) line and the NtTCTPsilencing (NtTCTP-RNAi) line Ri20 were detected by qRT-PCR. Expression levels were normalized to NttubA1 and relative to the wild-type (WT) seedlings. The data are expressed as the means 6 SD from three samples. Student's t tests between the wild type and each tobacco line were performed. Three biological replicates were performed with similar results, and one of them is shown. *, P , 0.05; **, P , 0.01. B, Phenotypes of the F1 hybrids compared with wild-type and other tobacco lines. The F1 hybrids showed similar phenotypes on seedling size as the NtTCTP-silencing line. The 34-DAS seedlings of different tobacco lines growing in soil were photographed, and parameters (crown diameter and fresh weight) were measured. The data are expressed as the means 6 SE from three independent experiments (n = 12). **, Significant difference from the wild type (Student's t test; P , 0.01). C, Comparison of leaf area in various plant lines. The sixth true leaves from 48-DAS tobacco plants were photographed, and leaf areas were measured. The data are expressed as the means 6 SE from three independent experiments (n = 10). Asterisks indicate a significant difference from the wild type (Student's t test). Bar = 2 cm. *, P , 0.05; **, P , 0.01. D, Comparison of leaf cell size and cell number in different tobacco lines. The sixth true leaves from 48-DAS tobacco plants were collected for SEM analysis of leaf upper epidermal cells. The data are expressed as the means 6 SE from three independent experimental groups (three leaves per group, four independent areas per leaf, and at least 30 cells per each area were measured using ImageJ 1.38X). Asterisks indicate a significant difference from the wild type (Student's t test). *, P , 0.05; **, P , 0.01. E, Relative hypocotyl length of 5-DAS etiolated seedlings after ethylene treatment. The data are expressed as the means 6 SE (n . 50). Relative hypocotyls of the F1 seedlings were significantly shorter than the wild type when the ethylene concentration was at 0.1 mL L 21 or higher (Student's t test; P , 0.01). ND, Nondetected ethylene; NttubA1, N. tabacum tubulin alpha-1.
gradually under CHX treatment (Fig. 10A ). In the leaves of the NtTCTP-overexpressing line (O2), CHX treatment did not alter the NTHK1 protein levels. On the contrary, in the leaves of the NtTCTP-silencing line (Ri20), the NTHK1 protein was reduced apparently and finally, disappeared (Fig. 10A) . Moreover, inclusion of the proteasome inhibitor MG132 in the above tests suppressed the decrease of NTHK1 protein in all tobacco leaves (Fig. 10A) . These results indicate that NTHK1 is controlled by the 26S proteasome-mediated protein degradation system and that NtTCTP can stabilize the NTHK1 protein.
To unravel the function of NtTCTP-NTHK1 interaction in stabilizing the NTHK1 protein from degradation, the protein stabilities of two mutational types of NTHK1 were also examined (Fig. 10B) . Although the NTHK1 is more stable in NtTCTP-overexpressing plants than in wild-type plants, the m2 mutational type of NTHK1, which has a weak interaction with NtTCTP (Fig. 2) , showed more rapid degradation in both wild-type and NtTCTP-overexpressing tobacco plants (Fig. 10B) . Moreover, truncated NTHK1 with deletion of His domain (DHIS), which could not interact with NtTCTP (Fig. 2) , showed a much faster degradation under CHX treatment in wild-type plants (Fig. 10B) . Overexpression of NtTCTP turned out to be nonfunctional for stabilizing the NTHK1 (DHIS) protein. All of these data indicate that the association of NtTCTP protects NTHK1 from proteasome-mediated degradation.
DISCUSSION
As for the role of ethylene in regulating plant growth, many studies have been focused on the regulation of cell elongation and expansion. Here, we identified NtTCTP as an interacting protein and stabilizer of the ethylene receptor NTHK1 to reduce plant ethylene sensitivity and promote plant growth through the acceleration of cell proliferation.
In animal systems, TCTP interacts with many proteins, including microtubules, actin filaments, the mitotic spindle, checkpoint protein Chfr, nuclear proteins nucleophosmin and nucleolin, transcription factor octamer-binding transcription factor4, Na + -K + -ATP synthase, antiapoptotic proteins of the B-cell lymphoma2 family, the ataxia-telangiectasia-mutated kinase, and p53 protein (Bommer, 2012; Zhang et al., 2012) . TCTP may stabilize microtubules and the spindle, and it acts as a general mitotic regulator during cell cycle progression (Bommer, 2012) . In tobacco plants, NtTCTP associates with the ethylene receptor NTHK1, an His kinase-like protein with Ser/Thr kinase activity, to stabilize this protein (Figs. 1, 2, and 10) . Truncation of the His/ATP subdomain in NTHK1 disrupted the interaction of NTHK1 with NtTCTP. Mutation at NTHK1 without kinase activity has a weak interaction with NtTCTP (Fig.  2) . Our results suggest that the kinase domain of NTHK1 is essential for the interaction with NtTCTP, whereas the kinase activity, although important, might not be required for this association. However, the failure of truncation of the His/ATP subdomain in NTHK1 to interact with NtTCTP could be caused by protein structural changes by deletion of a whole subdomain instead of a residue substitution. Additionally, because NTHK1 has Ser/Thr kinase activity and can autophosphorylate and phosphorylate other proteins (Xie et al., 2003; Chen et al., 2009; Cao et al., 2015) , it is also possible that loss of kinase activity and/or phosphorylation would cause conformational changes and modulate interactions among proteins. In Arabidopsis, the phosphorylation state of ETR1 might affect its affinity for EIN2 and CTR1 (Bisson and Groth, 2010; Hall et al., 2012) . Which part of the NtTCTP is required for its interaction with NTHK1 has yet to be investigated. Subcellular colocalization is required for protein interaction in vivo. In this study, we discovered that NtTCTP localized to the cytoplasm and the nucleus and partially, at the ER and colocalized with NTHK1, mainly at the ER ( Fig. 3; Supplemental Fig. S4B ). Partial localization of NtTCTP at the ER can also be observed from fractionation analysis (Supplemental Fig. S3 ). Partial localization at the ER was also observed for human TCTP, which possibly colocalized with Eukaryotic Translation Elongation Factor 1B (Cans et al., 2003) . Interestingly, Figure 10 . NtTCTP protects NTHK1 from proteasome-mediated degradation. A, Flag-NTHK1 was expressed in tobacco leaves of the wild type (WT), NtTCTP-overexpressing line (O2), and NtTCTP-silencing line (Ri20) through Agrobacterium spp.-mediated transformation. After expression for 2 d, leaves were treated with 200 mM CHX or 200 mM CHX plus 20 mM MG132 for different times, and the flag-NTHK1 protein was detected by immunoblotting with anti-Flag antibody. B, The direct interaction is necessary for NtTCTP to stabilize NTHK1. Kinase-inactivated mutation (m2; reducing the interaction between NTHK1 and NtTCTP) and His-truncated (DHIS; eliminating the interaction) types of NTHK1 were used for the protein stability assay. Agrobacterium spp.-mediated transformation, CHX treatment, and immunoblotting were performed as described in A. CBS, Coomassie Blue staining of the protein.
ethylene treatment increased the protein level of NtTCTP at the ER ( Figs. 1 and 3; Supplemental Fig. S3 ), probably through enhancing the interaction with NTHK1. In Arabidopsis, the interaction with the ethylene receptor is also required for the localization of CTR1 to the ER (Gao et al., 2008; Zhong et al., 2008) . However, potential interactions with some other unknown factors at the ER could not be excluded. Expression induction by ethylene may also contribute to the increase of the NtTCTP protein in the membrane fraction (MF). It is interesting to note that, when coexpressed with NTHK1, the nuclear localization of NtTCTP seems to be altered (Fig. 3E) , leading to a possible translocation from nucleus to ER. Additional analysis of the subcellular localization of NtTCTP in the NTHK1-knockout background may corroborate the translocation and its biological significance.
Both NTHK1-and NtTCTP-overexpressing plants exhibited larger leaves/seedlings than the wild type, and the NtTCTP-silencing plants showed smaller leaves/seedlings (Figs. 4 and 7) , indicating that both NTHK1 and NtTCTP play positive roles in regulating plant growth. This promotion likely occurs through the activation of cell cycle progression and cell proliferation, which was seen from the increase of cell numbers and G2 cells in leaves of the NTHK1-and NtTCTP-overexpressing plants and the elevation of the mitotic index in root tips of these plants (Figs. 4 and 7) . It should be noted that, although both the NTHK1-and NtTCTP-overexpressing plants had large leaf/seedling size, the NTHK1-overexpressing plants had a lower percentage of G2 cells and fewer cell numbers in their leaves than those in the leaves of the NtTCTP-overexpressing plants (Figs. 4 and 5) . This is likely correlated with the expression level of NtTCTP, because the elevation of the NtTCTP expression level in the NTHK1-overexpressing plants was relatively lower than that in the NtTCTPoverexpressing plants (Figs. 3A and 4, A and B) . Two transgenic NTHK1-silencing RNAi lines with the lowest transcript levels showed slightly smaller leaves/seedlings than those of the wild type (Supplemental Fig. S6 ), supporting that NTHK1 plays a positive role in regulation of plant growth.
During the early stage of seedling growth (12-22 DAS), NTHK1 seems to control leaf growth through the regulation of both cell numbers and cell size, whereas NtTCTP controls leaf area mainly through the regulation of cell numbers (Fig. 6 ). This divergence may be caused by the existence of some additional NTHK1-interacting proteins functioning in the early stage of leaf growth. Recently, another NTHK1-interacting protein NEIP2 was also identified and characterized (Cao et al., 2015) . NEIP2 functions in regulating the plant growth at early stages and is responsive to salt stress (Cao et al., 2015) . It should be noted that, in the NtTCTP-silencing lines, cell size decreased at the early stages but increased significantly at the mature stage compared with the wild type. In Arabidopsis, silencing of TCTP also resulted in large epidermal cells in petals and leaves (Brioudes et al., 2010 ). This phenomenon is supposed to be the result of growth compensation for significantly reduced cell numbers (Truernit and Haseloff, 2008; Tsukaya, 2008) or because of possibly elevated endoreduplication in these cells (Melaragno et al., 1993; Gendreau et al., 1997) . In contrast to the large leaf/seedlings of the NtTCTPoverexpressing tobacco lines in this study, the AtTCTPoverexpressing lines showed no obvious phenotypic changes in Arabidopsis, possibly because of the limited increase in protein level (approximately 50% increase; Berkowitz et al., 2008) . In fact, overexpression of AtTCTP accelerates plant growth, although the development of the adult plants was not altered. In addition, the overexpression of AtTCTP also increased leaf epidermal cell numbers through the positive regulation of cell cycle and proliferation (Brioudes et al., 2010) .
Although roles of ethylene receptors in ethylene perception and signal transduction have been studied extensively, more and more diverged functions of different receptors have been discovered, such as the opposite role of ETR1 and other receptors in controlling ethyleneinduced nutation (Binder et al., 2006; Kim et al., 2011) , the opposite role of ETR1 and EIN4 in regulating responses to fumonisin B1 (Knoester et al., 1998) , the contrasting roles for ETR1 and ERS1 in regulation of plant growth (Liu et al., 2010b) , the contrasting roles for ETR1 and ETR2 in seed germination control under salt stress (Wilson et al., 2014b) , the unique role of ETR1 in modulating the effects of far-red light on seed germination (Wilson et al., 2014a) , the special role of ETR2 in trichome development (Plett et al., 2009) , and roles of receiver domain-containing receptors (ETR1, ETR2, and EIN4) in growth recovery after ethylene treatment (Kim et al., 2011) . As a subfamily II ethylene receptor, tobacco NTHK1 showed a more obvious role in the promotion of seedling growth than subfamily I ethylene receptors NtETR1 and AtETR1 (Cao et al., 2007; Chen et al., 2009 ). The divergent functions of a specific receptor may depend on these interacting proteins. NtTCTP interacts with NTHK1 but not with NtETR1, suggesting a special role of NTHK1 (Fig. 1B) . Additional genetic analysis through crosses between the NTHK1-overexpressing line and the NtTCTP-silencing line reveals that NtTCTP is likely required for NTHK1 to regulate the ethylene response and plant growth, mainly through controlling cell proliferation (Fig. 9) . Considering the basic role of TCTP in regulating cell proliferation in a widespread species, the inhibition of the NTHK1-overexpressing phenotype in NtTCTP-silencing background could be caused by a general disruption of cell proliferation. Additional transgenic analysis with mutational types of NTHK1 to show the relationship of physical interaction between NTHK1 and NtTCTP with genetic consequences would be valuable. Together, we propose that NTHK1 plays an important role in constraining ethylene response in light to maintain normal growth, likely through specific interaction with NtTCTP and the regulation of cell proliferation. This conclusion is further strengthened by the fact that NTHK1 needs NtTCTP to maintain its stabilization (Fig. 10) .
The degradation of 26S proteasome-mediated protein is a widespread and efficient mechanism for the fine tuning of phytohormone signaling, including ethylene (Vierstra, 2009; Santner and Estelle, 2010) . Currently, several type II ACSs, EIN2 and EIN3, have been found to be regulated by the ubiquitin-proteasome-mediated degradation system (Guo and Ecker, 2003; Potuschak et al., 2003; Wang et al., 2004; Joo et al., 2008; Qiao et al., 2009; Lyzenga et al., 2012) . Moreover, protein levels of Arabidopsis ethylene receptor AtETR2 and tomato ethylene receptors LeETR4 and LeETR6 are also regulated through a 26S proteasome-mediated degradation pathway Kevany et al., 2007) . Recent work in Arabidopsis further revealed that the protein levels of all five ethylene receptors are posttranscriptionally regulated under high-ethylene concentration, possibly through the proteasome-mediated pathway (Shakeel et al., 2015) . In addition, CTR1 serves to protect ETR1 from ethylene-induced protein turnover (Shakeel et al., 2015) . In this study, tobacco ethylene receptor NTHK1 was also degraded rapidly when treated with CHX, and this degradation was mediated by a 26S proteasomedependent pathway. It is interesting to note that the overexpression of NtTCTP reduced the degradation of NTHK1, whereas the silencing of NtTCTP led to more rapid degradation (Fig. 10A) . Moreover, when the interaction between NTHK1 and NtTCTP was disrupted by mutations or truncations in NTHK1, NTHK1 protein became more unstable, even in the presence of overexpressed NtTCTP (Fig. 10B) . These results imply that the interaction of NtTCTP with NTHK1 is required for the protection of NTHK1 from degradation, suggesting a sophisticated mechanism for tight control of ethylene receptor stability. Human TCTP and its homolog from a parasite may act as a molecular chaperone under heat shock conditions, protecting proteins from denaturation (Gnanasekar et al., 2009) . Yeast TCTP colocalized with several proteins involved in deubiquitination and seemed to act as an inhibitor of proteasome for the protection of proteins involved in stress-induced cell death (Rinnerthaler et al., 2013) . Therefore, TCTP may adopt unique roles in protecting some important proteins.
To maintain normal lifecycles for survival and reproduction, rigorous self-control of ethylene signaling by feedback regulations can occur at both biosynthesis and signaling processes, including both positive and negative feedback (Vandenbussche et al., 2012) . A typical case is that EIN3 promotes the transcription of EIN3 Binding F-box Protein2 and then induces 26S proteasome-mediated degradation of itself to restrain ethylene signaling and maintain normal plant growth (Guo and Ecker, 2003; Potuschak et al., 2003; Konishi and Yanagisawa, 2008) . In this work, ethylene-induced TCTP proteins in tobacco are likely translocated to ER and associated with ethylene receptor NTHK1 to protect it from degradation. This action will strengthen the roles of NTHK1 probably in activating CTR1 and the inhibition of EIN2, allowing the desensitization of ethylene signaling and response. Simultaneously, increased TCTP proteins promote cell proliferation to maintain normal plant growth. Moreover, the stabilized NTHK1 may also recruit other factors, such as NEIP2, to promote cell expansion at the early stage of growth (Cao et al., 2015) . Our study reveals a unique negative feedback mechanism of tightly restraining excessive ethylene response and promoting growth recovery from inhibited growth. In this model, NtTCTP acts as a brake of ethylene signaling and an enhancer of cell proliferation to coordinate normal vegetative growth and ethylene response.
MATERIALS AND METHODS
Yeast Two-Hybrid Screen
The yeast (Saccharomyces cerevisiae) two-hybrid screening was performed according to the instruction manual of the CytoTrap XR Library Construction Kit (Stratagene). The NTHK1 coding region without the transmembrane domains (amino acids 145-762) was amplified from the original plasmid (Zhang et al., 2001) by PCR with primers BaitF and BaitR (Supplemental Table S1 ) and cloned into pSos vector, which is the bait construct for screening target proteins, at BamHI and SalI sites. Total RNAs from 4-week-old tobacco (Nicotiana tabacum; variety Xanthi) seedlings were extracted, and the mRNA was further isolated with the PolyATract mRNA Isolation System IV (Promega). The complementary DNA (cDNA) library was constructed with the Yeast CytoTrap XR Library Construction Kit (Stratagene). Then, the yeast cells (cdc25H) were cotransformed with bait pSos-NTHK1(DTM) and cDNA library pMyr plasmids and examined for their growth on selection medium at 24°C and 37°C, respectively. Cotransformants that could grow normally at 37°C on SD/Gal-UL but not on SD/Glu-UL were considered as positive colonies showing possible interactions between NTHK1 and corresponding proteins expressed in pMyr plasmids. These positive colonies were picked out, and inserted cDNAs were amplified by PCR and sequenced, among which repeatedly appearing insertions were selected as candidates. To verify the interaction, complete coding sequence (CDS) of candidates was amplified by PCR from cDNA, cloned into the pMyr vector, cotransformed with pSos-NTHK1(DTM), and examined as described above.
NTHK1 contains several domains in addition to transmembrane domains. To detect which domain is necessary for the interaction, sequences encoding G, GH, H, HR, and R domains were amplified by PCR with primer pairs of BaitF and GR, BaitF and HR, HF and HR, HF and BaitR, and RF and BaitR, respectively (Supplemental Table S1 ), and cloned into pSos vectors at BamHI and SalI sites. pMyr plasmids containing full-length CDS of the target gene and each of these pSos plasmids were each cotransformed into yeast cells and examined as described above.
GST Pull-Down Assay
For expression and purification of GST-NtTCTP fusion protein from Escherichia coli, the complete CDS of NtTCTP was digested from pMyr-NtTCTP vector with BamHI and SalI and ligated into the pGEX-6P-1 vector. The plasmids were transformed into the BL21(DE3) strain by heat shock for protein expression. Isopropylthio-b-galactoside with a final concentration of 0.15 mM was added to the culture for protein induction. The GST-NtTCTP fusion protein was purified with Glutathione Sepharose 4B (Amersham). The GST protein was also expressed using empty pGEX-6P-1 plasmids and purified as described above.
For expression of [ 35 S]Met-labeled protein, sequences encoding NTHK1 (DTM), G domain, GH domain, H domain, HR domain, and R domain were amplified by PCR with primer pairs of TNTK1F and TNTK1R, TNTK1F and TNTGR, TNTK1F and TNTHR, TNTHF and TNTHR, TNTHF and TNTK1R, and TNTRF and TNTK1R, respectively (Supplemental Table S1 ), and cloned into pTNT vector at XhoI and SalI for in vitro translation. Then, [ and supplementing with binding buffer to a final volume of 100 mL. Samples were mixed gently, rotated for 2 h at 4°C, and then centrifuged at 12,000 rpm for 2 min at 4°C. The supernatants were discarded, and the resins were washed three times with precold binding buffer. Then, the proteins were eluted with 30 mL of elution buffer (10 mM reduced glutathione and 50 mM Tris-HCl, pH 8.0) and separated by 10% (w/v) SDS-PAGE. After fixation in 10% (v/v) acetic acid and 20% (v/v) methanol for 2 h, gels were immersed sequentially in 7% (v/v) acetic acid, 7% (v/v) methanol, and 10% (v/v) glycerol for 5 min, dried for 2 h, and then exposed to phosphor screen (Amersham).
Co-IP
Complete CDS of NTHK1 was amplified by PCR with NTHK1-GWF1 and NTHK1-GWR1 primers (Supplemental Table S1 ), ligated into the ImpGWB2 TOPO Vector (Life Technologies), and then translocated into the pGWB412 vector through homologous recombination. pGWB412-NTHK1 plasmids plus P19 (to avoid gene silencing) were transferred into tobacco leaves through agrobacterium (EHA105)-mediated transformation (Liu et al., 2010a) . After growth at 25°C under a 14-h-light/10-h-dark photoperiod for 2 d, tobacco seedlings were treated with 100 to 0 mL L 21 ethylene for 3 h in a sealed box, and then transformed leaves were collected for the Co-IP assay.
For the Co-IP assay, tobacco leaves were homogenized in extraction buffer (30 mM pH 8.0, 150 mM NaCl, 20% [v/v] glycerol, 2 mM EDTA, and 1 mM dithiothreitol) with 13 protease and phosphatase inhibitors mixture (Thermo Fisher) on ice and then centrifuged at 5,000g for 30 min at 4°C. The supernatant was filtered through miracloth (Calbiochem) and then centrifuged at 100,000g for 1 h at 4°C. The pellet (MF) was suspended in ice-cold membrane resuspension buffer (20 mM pH 7.5, 10% [v/v] glycerol, 1.5% [v/v] Triton X-100, 3 mM MgCl 2 , and 1 mM EDTA) with 13 protease and phosphatase inhibitors mixture (Thermo Fisher) and incubated on ice for 1 h. Then, 200 mg of MF was diluted to 500 mL with immunoprecipitation buffer (30 mM Tris-HCl, pH 7.5, 150 mM NaCl, 3 mM MgCl 2 , 1 mM EDTA, and 13 protease and phosphatase inhibitors), and 100 mL of mAnti-DDDDK-Tag mAb-Magnetic Beads (MBL) were added. The mixture was incubated at 4°C for 6 h with gentle agitation. The beads were washed five times with ice-cold IP buffer. Then, protein was eluted from the beads using 40 mL of Laemmli sample buffer; 20 mL of eluted protein was separated by SDS-PAGE followed by an immunoblotting assay. For immunoblotting, anti-Flag antibody (1:5,000; MBL) and anti-NtTCTP antibody (1:2,000) were used to detect Flag-NTHK1 and NtTCTP, respectively. Horseradish peroxidase-conjugated goat antimouse secondary antibody (EarthOx) was used at 1:30,000 dilution, and signal was detected using the SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher). Anti-NtTCTP antibody was produced from mice immunized with GST-NtTCTP protein (Beijing ABT Genetic Engineering Technology). To examine the solubility of Flag-NTHK1 and NtTCTP proteins in membrane resuspension buffer, 200 mg of resuspended MF was centrifuged at 150,000g for 1 h. Then, 5% of the supernatant and 10% of the resuspended pellet with the additions of 10 mg of MF and 10 mg of soluble fraction were separated by SDS-PAGE followed by an immunoblotting assay (Supplemental Fig. S3 ).
BiFC
BiFC assay of the interaction between NTHK1 and NtTCTP was performed using the tobacco protoplast transformation system. The coding region of NTHK1 was amplified by PCR with NTHK1-BiFCF1 and NTHK1-BiFCR1 primers (Supplemental Table S1 ) from the original plasmid (Zhang et al., 2001 ) and ligated into the pSPYCE vector (Walter et al., 2004) at BamHI and SalI. The complete CDS of NtTCTP was amplified by PCR with primers NtTCTP-BiFCF1 and NtTCTP-BiFCR1 from pMyr-NtTCTP plasmids and cloned into pSPYNE vector. pSPYCE-NTHK1 and pSPYNE-NtTCTP plasmids were cotransformed into tobacco protoplasts. Simultaneously, cotransformation of empty pSPYNE and pSPYCE plasmids was set as a negative interaction control. After incubation at 23°C for 16 h, YFP signals were detected using a laser confocal scanning microscope (LCSM). Preparation and transformation of tobacco protoplasts were performed according to the protocol by Yoo et al. (2007) with little modification.
The Agrobacterium spp.-mediated Nicotiana benthamiana leaf transformation system was used to elucidate which domain of NTHK1 was necessary for its interaction with NtTCTP. The mutational type of NTHK1 (m2) that eliminated the kinase activity , two truncated types of NTHK1 (DHIS and DATP), and the full-length CDS of NTHK1 were amplified with NTHK1-BiFCF2 and NTHK1-BiFCR2 primers (Supplemental Table S1 ) and ligated into the pSPYCE (MR) vector (Waadt et al., 2008) . The CDS of NtTCTP was amplified with NtTCTP-BiFCF2 and NtTCTP-BiFCR2 primers (Supplemental Table S1 ) and ligated into the pSPYNE(R)173 and pSPYCE(MR) vectors, respectively (Waadt et al., 2008) . YNE-NtTCTP and YCE fused with each type of NTHK1 were coexpressed in tobacco leaves through the Agrobacterium spp.-mediated tobacco leaf transformation system (Liu et al., 2010a) . YNE and YCE-NTHK1 were coexpressed as a negative interaction control, whereas coexpression of YNE-NtTCTP and YCE-NtTCTP was set as a positive interaction control. Then, the YFP signals were detected using LCSM.
Plant Growth Conditions and Treatments
Seeds of wild-type tobacco (variety Xanthi) and NTHK1-overexpressing tobacco line 16-4 were sterilized in 1% (w/v) sodium hypochlorite for 12 min, washed with sterilized water four times, and plated on one-half-strength MS. After stratification at 4°C in the dark for 3 d, plates were kept at 25°C under a 14-h-light/10-h-dark photoperiod for plant growth. Seedlings growing on one-half-strength MS for 8 DAS were transplanted to soil for additional growth at 25°C under a 16-h-light/8-h-dark photoperiod. During the entire lifecycle, root tips, roots, stems, shoot tips, leaves, and flowers were collected for detection of the NtTCTP transcript level.
For ethylene treatment, 12-DAS seedlings were placed in sealed boxes with 100 mL L 21 ethylene at 25°C under a 14-h-light/10-h-dark photoperiod and collected at different times for detection of the NtTCTP transcript and protein levels. Treatments with air were used as controls.
Immunoblotting Assay
To detect the NtTCTP protein level, collected materials were thoroughly ground to powder in liquid nitrogen, and proteins were extracted by using the Plant Protein Extraction Kit (CWBIO). Protein extracts were separated by 12% (w/v) SDS-PAGE and transferred onto polyvinylidene difluoride membrane. Then, immunoblotting was carried out by using anti-NtTCTP antibody (1:2,000) and detected as described in the Co-IP assay.
Subcellular Localization Analysis
To observe the subcellular localization of NTHK1 and NtTCTP, tobacco protoplasts and N. benthamiana leaves were used for expression of GFP-or RFP-fused NTHK1 and NtTCTP proteins, and florescence was detected using an LCSM.
For observation of subcellular localization in tobacco protoplasts, the coding region of NtTCTP was amplified by PCR as described in the BiFC assay and ligated into the pBI221-GFP vector at BamHI and SalI sites. Purified pBI221-NtTCTP-GFP plasmids were transformed into tobacco protoplasts by the polyethylene glycol-CaCl2 method. The pBI221-GFP plasmids were also transformed as a control. After incubation at 25°C for 16 h, green florescence signals were detected using an LCSM.
For observation of subcellular localization in tobacco leaf cells, the coding region of NTHK1 and NtTCTP in the ImpGWB2 TOPO vector was translocated to the pGWB405 and pGWB454 vectors, respectively, through homologous recombination. Purified pGWB405-NtTCTP plasmids were then transformed into tobacco leaves as described in the Co-IP assay. HDEL-RFP was coexpressed with NtTCTP-GFP in tobacco leaves to identify the ER localization of NtTCTP. To observe colocalization of NTHK1 and NtTCTP, both pGWB405-NTHK1 and pGWB454-NtTCTP plasmids were cotransformed into tobacco leaves. After incubation at 25°C under a 16-h-light/8-dark-h photoperiod for 3 d, florescence signals were detected using an LCSM. For ethylene treatment, transformed seedlings were placed in a sealed box with 100 mL L 21 ethylene for 3 h.
Generation of Transgenic Plants and Analysis of Growth Phenotype
To obtain NtTCTP-overexpressing tobacco lines, complete CDS of NtTCTP was cut from the pMyr-NtTCTP vector with BamHI and SalI and ligated into the pBIN438 vector under the control of a 35S promoter plus a translation enhancer-V (Wuriyanghan et al., 2009) . For RNAi analysis, the CDS of NtTCTP was amplified with NtTCTPRIF and NtTCTPRIR primers (Supplemental Table S1 ) and then ligated two times into RNAi vector pZH01 in an inversely oriented manner. Two transcript regions of NTHK1 (type 1, 2,125-2,630 bp; type 2, 1,382-1,904 bp) were used to form two different pZH01 constructs for the NtTCTP-silencing transgene (the primers used for vector construction are listed in Supplemental Table S1 ). These constructs were transformed into tobacco (variety Xanthi) plants using the Agrobacterium spp.-mediated leaf disc transformation method. All NtTCTP transgenic lines were first screened by reverse transcription-PCR and then confirmed by northern blotting. Two NtTCTP-overexpressing lines (O2 and O7) and two NtTCTPsilencing lines (Ri16 and Ri20) were used in this study. NtTCTP protein levels were detected by immunoblotting with anti-NtTCTP antibody. Transcript levels of NtTCTPL in the two NtTCTP-silencing lines were detected by qRT-PCR with the qRT-NtTCTPLF and qRT-NtTCTPLR primers (Supplemental Table S2 ). All NTHK1-silencing lines were screened by qRT-PCR, and five lines (2-1, 2-2, 2-7, 1-8, and 1-36) were used for phenotypic analysis.
For plant growth analysis, seeds of wild-type tobacco, all selected transgenic lines, and the NTHK1-overexpressing line 16-4 were sown on one-half-strength MS as described above; 8-DAS seedlings were transplanted to soil for additional growth at 25°C under a 16-h-light/8-h-dark photoperiod. Seedling crown diameters were measured every 2 d, and photographs were taken. The sixth true leaves of 48-DAS plants were photographed, and leaf areas were measured with ImageJ 1.38X software. To investigate leaf epidermal cells, the sixth true leaves of 48-DAS plants were detached for scanning electron microscope (SEM) analysis. Epidermal cell size was then measured using ImageJ 1.38X, and the cell number per leaf was calculated. For detection of DNA ploidy distribution, the sixth true leaves from different lines were chopped in the chopping buffer (Galbraith et al., 1983) and then passed through nylon filters (pore size of 37 mm). Then, the nuclei were stained with 49,69-diaminophenylindole and analyzed by flow cytometry. To investigate the growth of the root system, 7-DAS seedlings with simultaneous germination were transferred to fresh one-half-strength MS plates and placed vertically. Seedlings were photographed every 1 d until 20 DAS for primary root length measure and lateral root number counting. To measure the mitotic index of root tips, the root tips of 7-DAS seedlings were cut, stabilized in Carnoy's fluid for 24 h at 4°C, and then dehydrated sequentially in 90%, 80%, and 70% (v/v) ethanol for 30 min. Fixed root tips were dissociated in 1 mol L 21 HCl (60°C) for 10 min and washed two times with distilled water. The slide was squashed so that only the meristematic zone was encased for observation of cell division phases. Chromosomes were stained with carbolfuchsin staining solution and observed using optical microscopy. Dividing cell numbers and total cell numbers were counted in each view field. For dynamic analysis of the growth of different tobacco lines under ACC treatment, 12-DAS seedlings were transplanted to fresh one-half-strength MS with or without 10 mM ACC. The third true leaves were harvested daily from 12 to 22 DAS for measurements of leaf area and cell size through micrographs of the upper epidermis, and the cell number was then calculated (Skirycz et al., 2011) .
Observation and Analysis of Ethylene Responses
To investigate phenotypes under ethylene treatment, the classical triple response was examined as before (Cao et al., 2007) with some modification. Seeds of different tobacco lines were plated on one-half-strength MS. After stratification at 4°C in the dark for 3 d, plates were placed in sealed boxes with different concentrations of ethylene. After treatment at 25°C in the dark for 5 d, the hypocotyl length was measured. In addition, for examination of ethylene-induced leaf senescence, the sixth true leaves from 60-DAS tobacco plants were treated with 100 mL L 21 ethylene in sealed boxes for 5 d. Treatments without exogenous ethylene were set as controls. After treatments, leaves were photographed, and the chlorophyll content was measured.
qRT-PCR
qRT-PCR was used to detect transcript levels of all genes, including NTHK1, NtTCTPs, and genes related to ethylene synthesis and signaling. For qRT-PCR, total RNA was extracted by using TRIzol Reagent (Life Technologies). First-strand cDNA was synthesized with the ReverTra Ace qPCR RT Kit (TOYOBO). PCR reactions were performed using the SYBR Green Realtime PCR Master Mix (TOYOBO) with a LightCycler 480 II (Roche). All primers used for qRT-PCR are listed in Supplemental Table S2 . The PCR results were calculated using LightCycler 480 software release 1.5.0 SP3. Three replicates were used for each data point, and all experiments were repeated at least two times.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession numbers NtTCTP, KM507327; AtTCTP, NP_188286.1; GmTCTP, NP_001237819.1; OsTCTP, NP_001068405.1; ZmTCTP, NP_001105104.1; DmTCTP, NP_650048.1; MmTCTP, NP_033455.1; HsTCTP, NP_003286.1; NTHK1, AF026267; ACS2, EU123522; ACS4, EU123523.1; EFE1, Z29529; ACO2, Z46349; ACO3, X83229; EIN3, AF247568; EIL1, AY248903; EIL2, AY248904; EIL3, AY248905; EIL4, AY248906; EIL5, AY248907; ERF1, D38123.1; and NttubA1, AJ421411.
Supplemental Data
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Supplemental Figure S1 . Sequence comparison among TCTPs from tobacco and Arabidopsis.
Supplemental Figure S2 . Sequence comparison of NtTCTP with other TCTPs from plants and animals.
Supplemental Figure S3 . Examination of the solubility of Flag-NTHK1 and NtTCTP proteins the membrane resuspension buffer used for the Co-IP assay.
Supplemental Figure S4 . Subcellular localization of NtTCTP was revealed by GFP fusion in different expression systems.
Supplemental Figure S5 . Expression analysis of NtTCTPs in transgenic tobacco lines.
Supplemental Figure S6 . RNA interference analysis of NTHK1 in tobacco.
Supplemental Figure S7 . SEM and flow cytometric analyses of leaf cells from different tobacco lines.
Supplemental Figure S8 . Leaf area, cell size, and cell number of different tobacco lines in the presence or absence of ethylene precursor ACC.
Supplemental Figure S9 . Lateral root density in different tobacco lines.
Supplemental Figure S10 . Chlorophyll contents in leaves of various plants treated with ethylene or air.
Supplemental Figure S11 . SEM of leaf upper epidermal cells from different tobacco lines.
Supplemental Table S1 . Primers used for gene cloning and vector construction.
